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ABSTRACT 
The effect of Pt particle size deposited on TiO2 on the photocatalytic steam reforming of methanol 
was studied by in-situ attenuated total reflectance infrared spectroscopy (ATR-IR). Two 0.5 wt.% 
Pt/TiO2 samples were investigated, one possessing Pt nanoparticles of ca. 5 nm size and the other Pt 
clusters below 2 nm size showing significant different photoactivity both in terms of hydrogen 
production rate and selectivity to CO, CO2 and all other by-products. The presence of Pt 
nanoparticles strongly affects both the adsorption/desorption and the reactivity properties of the 
TiO2 surface and reduces the extent of photopromoted conduction band and shallow trapped 
electrons (i.e. increased electron-hole separation). Reducing the Pt size from nanoparticles to 
clusters increases the rate of methanol and water absorption and hinders the detrimental formation 
of irreversibly adsorbed CO on Pt. All of these aspects contribute to increase the photocatalytic 
performance of Pt cluster-decorated TiO2 with respect to Pt nanoparticles containing TiO2. Finally, 
prolonged exposure of all samples to methanol/water vapour in the dark lead to the formation of 
unreactive formate which persist also under UV-vis irradiation. By contrast, these spectator species 
do not form when the sample is exposed to methanol/water vapour under UV-vis irradiation. 
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1.  Introduction 
Photocatalytic reactions became very attractive in the last years for their applications in green 
chemistry both in the fields of water and air detoxification, and for solar to chemical energy 
conversion and storage (i.e. as hydrogen or hydrocarbons solar fuels). The latter processes occur 
under anaerobic conditions, with water acting as the oxidant, and are characterised by a positive 
standard Gibbs free energy change (up-hill reactions). The photocatalyst is a semiconductor able to 
absorb light because of the electron transition from the valence (VB) to the conduction (CB) band. 
The so formed electron-hole pairs promote redox reactions on the photocatalyst surface. The major 
problem, responsible for the usual low quantum efficiency of photocatalytic reactions, is the high 
probability of charge carriers recombination before promoting any surface reaction. In the case of 
photocatalytic hydrogen production the efficiency can be effectively enhanced by modifying the 
semiconductor surface with noble metal nanoparticles, e.g. Pt and Au, (able to capture CB 
electrons) and by adding more efficient hole scavengers in the reaction mixture such as methanol 
[1].  
The photocatalytic steam reforming of methanol, occurring in gas phase, proceeds according to the 
following reaction: 
CH3OH + H2O → CO2 + 3 H2  (1) 
In a previous work, we deeply investigated the mechanism of this reaction and found that methanol 
is oxidized to formaldehyde, formic acid, and finally to CO2 through both a direct and an indirect 
mechanism depending on the methanol-to-water ratio [2]. In the direct mechanism, prevailing at 
high ratio, methanol reacts directly with the VB holes. In the indirect mechanism, prevailing at low 
ratio, methanol reacts with hydroxyl radicals produced by the reaction of water with VB holes. 
Carbon monoxide, methane, methyl formate, acetaldehyde and dimethyl ether were also identified 
as side products [1]. Moreover, the selectivity to all of these intermediates and by-products strongly 
depends on several factors, including the TiO2 crystal structure [3], surface modification with noble 
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metals [1,4] and TiO2 doping (e.g. with fluoride [5]). In the case of Pt modified TiO2, the selectivity 
was also affected by the preparation method, i.e. by the Pt particle size and distribution [1]. For 
example, the selectivity to CO of TiO2 P25 and of two 0.5 wt% Pt catalysts prepared by deposition 
of preformed Pt nanoparticles on P25 and in single step by flame spray pyrolysis (possessing 
smaller Pt particle size) was 17.7%, 8.3% and 1.1%, respectively [1]. The hydrogen production rate 
(and selectivity to CO2) of these samples was 0.36 (10.7%), 7.75 (17.5%) and 14.23 mmolH2 h
-1
  
gcat
-1
 (21.6%), respectively.  
Infrared spectroscopy has been widely used to study the interactions of methanol and water with the 
TiO2 surface [6–10] and to provide information on the mechanism of photoreaction [10–15]. In 
addition to the detection of surface species formed during the photoreaction, time resolved FT-IR 
spectroscopy proved to be a powerful tool to distinguish between photogenerated electrons in the 
form of free conduction band (CB) and shallow trapped (ST) electrons and to evaluate their lifetime 
[8,16–18]. 
In this work, we investigate the behaviour of TiO2 and of two Pt/TiO2 by in situ ATR-IR 
spectroscopy during the photo-steam reforming of methanol in order to get a deeper insight into the 
origin of their photoactivity difference. The two Pt/TiO2 were selected because of their different Pt 
particle size of ca. 5 nm (i.e. Pt nanoparticles) and below 2 nm (i.e. Pt clusters because their size is 
comparable to the Fermi wavelength of an electron [19]). In particular, we studied: i) CO, methanol 
and water/methanol adsorption in the dark in a pulsed mode to follow the corresponding surface 
interaction dynamics; ii) the effect of UV-vis irradiation on the reactivity of the surface species 
formed after methanol adsorption in the dark (i.e. post-irradiation); and iii) the effect of UV-vis pre-
irradiation on methanol adsorption and reactivity under irradiation.  
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2.  Experimental 
2.1. Photocatalysts preparation and characterisation 
The two 0.5 wt% Pt modified TiO2 samples were prepared by two different methods as already 
described [1]. FP-Pt/TiO2 was synthesized in continuous and single step by flame spray pyrolysis 
(FP) [20] by burning an organic solution prepared by mixing 10 mL of titanium(IV)-isopropoxide 
with 35 mL of xylene and 5 mL of acetonitrile. The proper amount of platinum acetyl acetonate as 
the Pt precursor was added to the solution. 
RM-Pt/TiO2 was prepared by deposition of preformed Pt nanoparticles on commercial TiO2 P25 
(Evonik), according to the reverse micelle (RM) method [22]. The colloidal suspension of 
surfactant-stabilized Pt nanoparticles was obtained by adding NaBH4 (NaBH4:Pt 4:1 molar ratio) to 
a n-dodecyl-trimethylammonium chloride aqueous solution containing platinum acetyl acetonate 
(surfactant:Pt 40:1 molar ratio). The P25 powder was ultrasonically dispersed in water and then 
mixed to the Pt colloidal suspension under vigorous stirring. The precipitated grey powder was 
separated by centrifugation, thoroughly washed with water, and dried overnight in oven at 70 °C 
[5]. All chemicals were purchased from Aldrich and used as received.  
The two photocatalysts were characterised by N2 adsorption/desorption at 77 K in a Micromeritics 
ASAP 2010 apparatus to determine their BET specific surface area. The morphology was 
investigated by high angular annular dark field–scanning transmission electron microscopy 
(HAADF-STEM) on a JEOL FS2200-FEG instrument, operated at 200 kV. The crystal structure 
was determined by X-ray diffraction, by recording the XRD patterns with a Philips PW3020 
powder diffractometer using the Cu K-α radiation. 
 
2.2. Infrared spectroscopy investigation 
In situ attenuated total reflection infrared (ATR-IR) spectroscopy measurements were performed 
during CO adsorption and methanol photo-steam reforming using an infrared spectrometer (Vector 
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22, Bruker Optics) equipped with a liquid-N2 cooled MCT detector and a homemade ATR cell (Fig. 
1). The cell allowed irradiation of UV-vis light through two sapphire windows connected to a 
deuterium and halogen lamp (DH-2000, Ocean Optics) via a bifurcated optical fibre (Ocean 
Optics). For CO adsorption experiments in the dark, ca. 5 mg of the sample were deposited on the 
ZnSe internal reflection element (IRE, 45°, 50 x 20 x 2 mm) after drying of an aqueous suspension 
in ambient air. The resulting coating covered an area of 5 cm
2
. For the photocatalytic experiments, 
the catalyst layer (ca. 1 mg) was prepared by depositing a 2x100 l aliquot of an aqueous 
suspension of the catalyst on two spots (d = 5 mm each) over the IRE using a Teflon mask and was 
left drying in air overnight. The two spots represent the area irradiated by the bifurcated optical 
fibre. 
CO adsorption from the gas phase was followed while flowing 10 vol% CO/N2 (30 mL/min) for 30 
min, followed by purging with N2 (30 mL/min) for 20 min. Methanol and methanol/water vapour 
adsorption experiments were performed by bubbling 30 mL/min of N2 in a x vol% CH3OH/H2O 
solution (x = 100, 80, 20 or 1%) at 30°C. Spectra were typically collected at 4 cm
-1
 resolution by 
co-adding 20 scans while the catalyst coating was kept at 30°C.  
The main characteristic absorption bands of all detected species during this infrared investigation 
are summarised in Table 1. 
 
3. Results and discussion 
3.1. Photocatalyst characterisation  
One step FP-made Pt/TiO2 exhibits ca. 53% anatase and 47% rutile crystal phase composition and a 
70 m
2
 g
-1 
BET specific surface area. HAADF-STEM analysis (Fig. 2A) shows that the powder 
consisted of micro-aggregates of TiO2 single crystal nanospheres, 10-25 nm in diameter. RM-
Pt/TiO2 maintains the structure typical of commercial P25 TiO2 consisting of widely irregularly 
shaped, ca. 20 nm in size crystalline aggregates, composed of ca. 80% anatase and 20% rutile with 
a specific surface area of 48 m
2
 g
-1
.   
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HAADF-STEM is a powerful technique to distinguish nanoparticles of heavy elements, because 
they appear as bright dots due to their different Z-contrast with respect to the lighter metal oxide 
support. The comparison of the HAADF-STEM images of the two Pt decorated samples (Fig. 2) 
reveals a significantly different particle size distribution. The analysis of the FP-made evidences the 
presence of well-dispersed, ca. 1.5-2 nm-sized Pt clusters. By contrast, the sample prepared by 
deposition of preformed Pt nanoparticles exhibits larger (5-6 nm) and partially aggregated Pt 
nanoparticles. The FP method confirmed to be an effective method to directly produce well 
dispersed and ultrafine noble metal nanoparticles deposited on a metal oxide support. 
3.2. CO adsorption  
The interaction of the hydrated surface of TiO2 P25 as well as of the two Pt modified samples with 
flowing 10% CO/N2 led to the transient formation of an intense band at 1640 cm
-1
 followed by a 
shoulder at 1586 cm
-1
 within the first 10 min (Fig. 3). These bands are attributed to the (C=O) 
stretching mode of adsorbed formic acid and to the antisymmetric stretching (AS(OCO)) of 
adsorbed formate in the bridging bidentate mode [21–25], respectively. These transient species are 
the intermediates of the surface oxidation of CO to CO2 through the reaction with adsorbed water 
and hydroxyl groups on the titania surface. This reaction proceeded up to the consumption of the 
active hydroxyl groups, conferring the transient behaviour to these species. Moreover, in the spectra 
of RM-Pt/TiO2 a transient band also appears at 1723 cm
-1
 attributed to the (C=O) mode of 
adsorbed formaldehyde [21,25,26]. 
The ATR-IR spectra of adsorbed CO recorded at 30°C on the two Pt/TiO2 samples (Fig. 4) exhibit 
at least four signals in the Pt-CO region (2200-1800 cm
-1
): i) a weak and broad signal at 2180 cm
-1
 
attributed to CO adsorbed on Ti
4+
 cations [27]; ii) bands at 2070 cm
-1
 and iii) 2054 cm
-1
 attributed 
to adsorbed CO on Pt atoms located at terrace and edge sites, respectively [28,29]; iv) a broad and 
weaker signal at 1820 cm
-1
 due to bridge adsorbed CO on the Pt–Pt and Pt–Ti sites [30]. As shown 
in Fig. 3, a significantly different CO adsorption kinetics is observed on the two samples: a fast 
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saturation (within the first 30 s) of the defect sites of RM-Pt/TiO2 (2054 cm
-1
) is followed by a 
slower intensification of the band at 2070 cm
-1
. Similar behavior was reported by Leibsle, et al. 
[28]. The spectrum recorded after saturation with CO (Fig. 4) shows a single band centred at 2070 
cm
-1
. By contrast, both signals grow simultaneously on the FP-made sample, the signal at 2054 cm
-1
 
being always more intense than that at higher wavenumbers, and the intensity remained unperturbed 
under flowing nitrogen. 
A comparison between the spectra recorded on the two Pt-containing samples after saturation with 
CO and purging with N2 (Fig. 4) reveals that a greater fraction of Pt-defect sites (edges and corners) 
is present in the FP-Pt/TiO2, whereas terrace sites prevailed on the RM-Pt/TiO2. Moreover, FP-
Pt/TiO2 shows a two-fold more intense band, i.e. a higher CO adsorption capability. These results 
confirm the higher Pt dispersion of the FP sample. The smaller the Pt particles, the higher the 
surface Pt atoms accompanied by an increase of the edge to terrace atoms ratio. This is consistent 
with the particle size distribution observed by HAADF-STEM analysis (Fig. 2) and represents a 
significant difference between Pt nanoparticles in RM-Pt/TiO2 and Pt clusters in FP-Pt/TiO2. 
Reducing the Pt size from nanoparticles to clusters not only increases the number of surface active 
sites for hydrogen reduction, but also affects their nature in favor of the lower coordinated surface 
atoms. It is nowadays widely accepted that edges are more efficient active sites for several catalytic 
applications [31]. The predominance of Pt edge sites in FP-Pt/TiO2 therefore contributes to explain 
its significant higher photocatalytic activity in hydrogen production. 
Formaldehyde also forms on RM-Pt/TiO2, as indicated by the band at 1720 cm
-1
, but not on TiO2 or 
on FP-Pt/TiO2. We can therefore tentatively suppose that it is produced by reduction of CO on the 
Pt terrace sites. 
 
3.2. Methanol adsorption  
The ATR-IR spectra recorded on RM-Pt/TiO2 and on TiO2 after consecutive pulses of methanol 
vapours at 30°C are shown in Fig. 5. While FP-Pt/TiO2 was saturated already after five pulses, 
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saturation of RM-Pt/TiO2 occurred more slowly and was reached only after 15 consecutive pulses, 
indicating a faster absorption kinetics over the flame made material. Various signals appear upon 
contact of methanol vapours with the samples. Several authors reported, based on IR spectroscopy 
experiments [6–10] and theoretical calculations [32–34], that methanol adsorbs on TiO2 both 
molecularly (CH3OHads) and dissociatively with the formation of surface methoxy groups 
(CH3Oads). The former species displays C–H antisymmetric (νas,C-H) and symmetric (νs,C-H) 
stretching modes at 2950 and 2845 cm
-1
 (b and c in Fig.5), respectively, and C–O stretching (νC-O) 
at 1048 cm
-1
 (i in Fig. 5). The corresponding signals of the methoxy species are slightly shifted 
towards lower energy, i.e. at 2925, 2821 and 1033 cm
-1
 (b’, c’ and i’ in Fig. 5). The C-H bending 
(C-H) mode is found in the 1480-1340 cm
-1
 region for both species (f in Fig. 5). Moreover, mono 
and bidentate bonding geometries for the methoxy group on TiO2 have been reported [7,22,32,35]. 
The two modes can be distinguished by the position of νC-O at 1126 cm
-1
 (h in Fig. 5) for the 
monodentate and at 1033 cm
-1
 in the bidentate species. 
The appearance of signals due to adsorbed methanol was accompanied by both the displacement of 
water (negative signals at 3400 and 1625 cm
-1
, g in Fig. 5) and by the consumption of surface 
hydroxyl groups (negative bands at 3691 and 3623 cm
-1
, a and a’ in Fig. 5) [10,18,36–38]. At 
saturation, the signals of adsorbed methanol on RM-Pt/TiO2 were slightly less intense than those on 
TiO2, as observed also by Chen et al. [10], due to partial surface coverage by the noble metal. In 
contrast, the flame made photocatalyst, possessing a higher surface area, displayed more intense 
signals and therefore improved methanol adsorption capability (Fig. 6). 
A noticeable difference between RM-Pt/TiO2 and FP-Pt/TiO2 consists in the broad band centred at 
2028 cm
-1
 (d in Fig. 5) in the Pt-CO region, which intensified with increasing number of methanol 
pulses. This band can be attributed to the formation of CO adsorbed on Pt. The formation of this 
band was already observed [26] also upon ethanol adsorption [15].  
The in situ ATR-IR spectra recorded during the first pulse of methanol vapours on the three samples 
are shown in Fig. 6. The upper curve of each group of spectra corresponds to the transit and 
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diffusion of methanol vapours into the pores of the catalyst layer. Three transient bands (arrows in 
Fig. 6) can be distinguished at 1640, 1586 and 1360 cm
-1
 especially in the case of RM-Pt/TiO2, 
which are ascribed to the (C=O) mode of adsorbed formic acid and to the AS(O-C-O) and S(O-C-
O) modes of adsorbed formate or methyl formate [21–24], respectively. The faster methanol 
adsorption over the FP-made material, as observed during the pulsed experiments, can reasonably 
lead to a higher turnover frequency (TOF), i.e. a superior catalytic efficiency compared to RM-
Pt/TiO2 in agreement with the results of our photocatalytic tests [1].  
The ATR-IR spectra recorded under flowing methanol vapour (instead of successive pulses) 
presented in Fig. 7 show that the intensity of the two signals at 1640 and 1586 cm
-1 
slightly 
decreased within 400 s before steady state conditions were attained, which was accompanied by the 
parallel increase of the signals at 1033 cm
-1
 of the (C-O) mode of methanol and at 1170 cm-1 of the 
AS(C-O-C) mode of dimethyl ether [39]. In our previous work, dimethyl ether was found to be a 
major by-product of the photo-steam reforming of methanol [1]. Based on these observations we 
can conclude that adsorbed methanol undergoes the following surface reactions in the dark at 30°C: 
CH3OH(g) + OHads → CH3Oads+ H2O(g)    (2) 
CH3OH(g) + □ → CH3OHads      (3) 
CH3Oads + OHads 
   
      HCO2H(g) + 2□    (4) 
CH3Oads + OHads 
   
      HCO2H(ads) + □    (5) 
2CH3Oads 
   
       HCO2CH3ads      (6) 
CH3Oads + CH3OHads → CH3OCH3(g) + OHads   (7) 
where □ indicates an adsorption site. Moreover, the oxidative dehydrogenation of methanol to CO 
occurs on Pt: 
CH3Oads   
   
      H2COads   
   
      COads     (8) 
The initial decrease of the signals (within 400 s) is attributed to the consumption of surface 
hydroxyls (reaction 4). Moreover, at least two different types of reactive surface hydroxyls may be 
present on the surface: weakly bonded hydroxyls accounting for the formation and desorption of 
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formic acid (reaction 4) and more strongly bonded ones responsible for the residual adsorbed formic 
acid and formate. Because the production of molecular hydrogen is expected to occur on Pt, 
reactions (4)-(6) take place very likely at the PtTiO2 interface. This explains why these surface 
reactions are not observed with TiO2. 
 
3.3. Methanol/water co-adsorption 
As mentioned above, methanol adsorption is accompanied by the displacement of water, i.e. 
methanol and water adsorb competitively on the same sites. Fig. 8 shows that this phenomenon is 
reversible. When the methanol saturated TiO2 surface was exposed to consecutive 1 mL pulses of 
water vapour, the bands characteristic of adsorbed methanol progressively decreased 
simultaneously to the increase of those of adsorbed water and hydroxyl groups. Interestingly, the 
displacement of methanol by water was faster on both Pt-loaded samples. In this case, the negative 
bands at 3691 and 3623 cm
-1
 and the bands in the C–H stretching region fully disappear already 
after the first pulse of water vapours. This result is consistent with the faster methanol 
adsorption/desorption kinetics observed on FP-Pt/TiO2. 
The effects of different methanol to water molar fraction in the pulses, x, are presented in Fig. 8. 
When the catalyst was saturated under flowing methanol/water vapours for 30 min followed by 
purging with N2, the intensity of the characteristic bands of adsorbed methanol increased with 
increasing x in the feeding vapour mixture parallel to the decrease (negative bands) of those of 
water and hydroxyls. Noteworthy, the spectra also show the appearance of intense bands in the C=O 
stretching region due to the formation of surface adsorbed formate and formic acid. These bands are 
significantly more intense than those recorded in the presence of methanol vapours due to the larger 
abundance of surface reactive hydroxyl groups supplied by the presence of water in the gas phase. 
The intensity of these bands also increased with increasing methanol-to-water partial pressure ratio. 
Furthermore, compared to TiO2, both Pt modified samples show the appearance of intense bands at 
1458 cm
-1
 and at 1640 cm
-1
 characteristic of dimethyl ether and formic acid, respectively. Thus, the 
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presence of Pt nanoparticles strongly affects the adsorption/desorption properties and the reactivity 
of the TiO2 surface, a result that was predicted by DFT calculations. For example, Han et al. [34] 
reported that Pt clusters enhance both molecular methanol adsorption and methanol dissociation via 
C-O scission on the anatase surface by introducing new active sites at the PtTiO2 interface 
characterised by a lower activation energy. Moreover, the energy difference between different 
bond-breaking modes depends on the size of Pt clusters. 
 
3.3. Effect of UV-vis irradiation  
Two types of experiments were performed in order to study the effect that UV-vis irradiation has on 
methanol adsorption and reactivity: i) saturation in the dark in flowing methanol vapours followed 
by irradiation in N2 atmosphere; ii) saturation under UV-vis irradiation in flowing methanol or 
methanol/water vapours followed by purging in the dark in flowing N2. By the first type of test we 
investigated the photocatalytic reactivity of residual surface adsorbed species after methanol 
saturation. The second type of test allows following the photocatalytic activity under flowing 
methanol or methanol/water vapours and, after purging in N2, to evaluate the effect of UV-vis 
irradiation on the adsorption properties of the photocatalyst. In both types of experiments, FP-
Pt/TiO2 and RM-Pt/TiO2 behaved similarly (unless specified). Thus, for simplicity, we will focus 
the discussion on the comparison between TiO2 and RM-Pt/TiO2. 
 
3.3.1 Effect of UV-vis irradiation on pre-adsorbed methanol in the dark 
As shown in the previous section, prolonged exposure to methanol vapours in the dark leads to the 
formation of surface formate along with adsorbed methanol and methoxy groups. These species are 
stable in the dark under N2 flow. As the photocatalyst layer was irradiated with UV-vis light an 
absorption-shift of the spectra was observed (Fig. 10). This absorption shift is attributed to the 
formation of both photopromoted conduction band (CB) and shallow trapped (ST) electrons [8,16–
18]. In particular, CB electrons provoke a distinct exponential absorption growth of the IR baseline 
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while ST electrons give rise to broad bands due to the optical excitation of electrons from the ST 
states into the CB. Thus, the exact position of these bands depends on the energy difference 
between ST and CB and are usually located around 1600 cm
-1
 (ca. 0.2 eV below the CB). As shown 
in Fig. 10, the IR absorbance at 1900 cm
-1
 (i.e. where no other species are expected to absorb) in the 
case of TiO2 increased to a larger extent than for the Pt-modified catalysts, indicating a lower 
concentration of CB and ST electrons in the absence of Pt. In the presence of Pt, the majority of 
photopromoted electrons are transferred to and trapped by the Pt nanoparticles. This confirms the 
capability of Pt to increase the charge carriers separation, with the consequent enhancement of the 
photocatalytic efficiency. Fig. 10a shows that, as the UV-vis light was switched on, the intensity of 
all the characteristic bands of adsorbed methoxy species (2925, 2821, 1425 and 1033 cm
-1
) 
decreased. These signals fully disappeared after 80 min irradiation on TiO2 and after 30 min 
irradiation on RM-Pt/TiO2. Comparing the blue curves of Fig. 11, it is evident that no bands of 
adsorbed formaldehyde (1727 and 1502 cm
-1
), formic acid (1710 cm
-1
) or dimethyl ether (2733 and 
1710 cm
-1
) remained in the spectra after UV-vis irradiation, contrarily to the spectra recorded in the 
dark. Thus, these species either fully desorbed or reacted under irradiation, leading to the gaseous 
products of the photosteam reforming reaction reported in our previous work [1,2]. In contrast, 
residual bands of formate (2865, 1586, 1383 and 1360 cm
-1
), methylformate (2970 cm
-1
), and 
adsorbed CO on Pt at 2010 cm
-1
 persisted on the photocatalyst surface, proving the accumulation of 
oxidative products with a high bonding energy (spectator species). Particularly detrimental is the 
persistence of CO adsorbed on Pt for its poisoning effect that very likely contributes to the lower 
photocatalytic activity of RM-Pt/TiO2 compared to FP-Pt/TiO2. Some relevant difference between 
RM-Pt/TiO2 and TiO2 arises when comparing the C-H stretching region (Fig. 10a). After exposing 
TiO2 to UV-vis light, residual bands of unreacted methoxy groups persisted and the bands of 
methylformate and formates were significantly weaker, confirming the superior photoactivity of the 
Pt containing photocatalyst in the complete photo-assisted oxidation of adsorbed methanol.  
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3.3.2 Methanol and methanol/water adsorption on UV-vis irradiated TiO2 surface 
These experiments were performed under constant UV-vis irradiation of the photocatalyst layer. In 
particular, the photocatalyst was pre-irradiated for 30 min under N2 flow, and then the IR 
background was recorded. Methanol or methanol/water adsorption was first performed (five 
consecutive pulses) and then the photocatalyst was exposed to a continuous flow of methanol or 
methanol/water vapours for 30 min, followed by 30 min purging with N2. Some remarkable 
differences arise when comparing the same experiments in dark (blue curves of Fig. 11) and under 
UV-vis irradiation (red curves of Fig. 11), namely: 
i) Surface methanol saturation occurred faster on all pre-irradiated samples. 
ii) No negative bands appear in the 3750-3550 cm-1 region indicating no consumption of surface 
hydroxyl groups during methanol adsorption, i.e. these species were very likely removed during 
pre-irradiation. 
iii) Contrarily to the experiment performed in the dark, in the ATR-spectra recorded in situ under 
flowing methanol and methanol/water vapours, the transient bands of adsorbed formic acid 
(1640 cm
-1
) and formates (1586 and 1360 cm
-1
) completely disappear after purging with N2. 
Thus, formates did not accumulate on the TiO2 surface upon UV-vis irradiation of the 
photocatalyst, even after prolonged exposure to methanol vapours. 
iv) The bands of adsorbed methanol were more stable after purging with N2 under UV-vis light 
than those formed in the dark. Thus, these methanol species are slowly photo-oxidised. 
v) The band at 2028 cm-1 due to CO adsorbed on Pt was weaker when methanol or methanol/water 
were adsorbed under UV-vis light.  
UV-vis pre-irradiation is known to affect the surface properties of TiO2, e.g. by inducing TiO2 
surface hydrophilicity [40]. Photopromoted electrons can be transferred to surface Ti
4+
, forming 
Ti
3+
 sites, whereas holes can create oxygen vacancies. These two phenomena very likely consume 
hydroxyl groups and adsorbed water and increase the surface concentration of free sites for faster 
methanol adsorption. Moreover, UV-vis irradiation increases the surface reactivity of TiO2, i.e. 
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methanol is oxidised to formate (as shown in the spectra recorded during methanol vapours 
exposure), but they do not accumulate on the surface (as occurs by contrast in the dark), because 
they desorb or are further oxidised up to CO2. Thus, present results suggest that pre-irradiation of 
the photocatalysts, prior to the photocatalytic tests, might increase their performance. 
 
 
4. Conclusions 
In situ ATR-IR investigation of methanol photo-steam reforming on Pt/TiO2 demonstrated that the 
promoting effect of Pt on photocatalytic performance is not only limited to its ability to enhance the 
charge carrier separation by trapping the CB electrons. The presence of Pt introduce new active 
sites at the PtTiO2 interface that strongly affect the adsorption/desorption dynamics and reactivity 
of methanol and water. Pt particle size also plays a crucial role. Pt clusters (i.e. with size < 2 nm) on 
titania, produced in single step by flame spray pyrolysis, proved to be co-catalysts more effective 
than Pt nanoparticles. Reducing the Pt particle size below 2 nm not only increases the surface to 
bulk Pt atom ratio, but also the edge and corners to terrace Pt atoms ratio. The lower coordinated Pt 
atoms located at edges and corners are expected to be more reactive and to prevent the formation of 
poisoning CO adsorbed on Pt after exposure to methanol vapours. 
Finally, the adsorption/desorption dynamics and reactivity are also affected by the UV-vis 
irradiation that prevents the formation of unreactive formate.  
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Tables 
Table 1: Main IR absorption bands of the identified species adsorbed on TiO2  
Specie Absorption mode Wavenumber / cm
-1
 Ref. 
Molecular methanol 
(CH3OHads) 
νas,C-H 2950 [6–10] 
νs,C-H 2845  
νC-O 1048  
C-H 1480-1340  
Monodentate methoxy 
(CH3Oads) 
νas,C-H 2925 [6–10] 
νs,C-H 2821  
νC-O 1128  
C-H 1480-1340  
Bidentate methoxy 
(CH3Oads) 
νas,C-H 2925 [7,22,32,35] 
νs,C-H 2821  
νC-O 1033  
C-H 1480-1340  
Physisorbed water 
(H2Oads) 
νH-O-H 3400 [10,18,36–38] 
H-O-H 1625  
Hydroxyl groups 
(Ti-OH) 
νas,O-H 3691 [10,18,36–38] 
νs,O-H 3623  
Formate 
(HCOOads) 
ν,C-H 2865 [21–25] 
νas,C-O 1586  
νs,C-O 1360  
 C-H 1383  
Formic acid 
(HCOOHads) 
νs,C=O 1640 [21–25] 
Formaldehyde 
(H2COads) 
νs,C=O 
C-H 
1727 
1502 
[21,25,26] 
 
Dimethyl ether 
((CH3)2Oads) 
νas,C-H 
C-H 
C-H 
νs,C-O-C 
2979 
1458 
1170 
918 
[39] 
Ti(IV)-CO  2180 [27] 
Pt-CO 
 
 
Terrace 
Edge 
Bridged  
2070 
2054 
1820 
[28,29] 
 
[30] 
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Figure captions 
Fig. 1: Sketch of the homemade in situ ATR-IR cell. The IR beam is reflected towards the ZnSe 
crystal, while the sample thin film is irradiated on top with UV-vis light through two sapphire 
windows connected to the bifurcated optical fibres. 
Fig. 2: HAADF-STEM images of FP-Pt/TiO2 (A) and MR-Pt/TiO2 (B). Pt nanoparticles appear as 
bright spots on the titania support because of their higher Z-contrast. 
Fig. 3: (a) In situ ATR-IR spectra and (b) time on stream evolution of selected signals recorded at 
30°C during exposure to flowing 10% CO/N2 for 30 min followed by purging with N2 for 20 min. 
Symbols: () 2180 cm-1 of TiO2-CO, (●) 2070 cm
-1
 of Pt-COterrace, (▲) 2054 cm
-1
 of Pt-COedge, (x) 
1720 cm
-1
 of formaldehyde, () 1640 cm-1 of formic acid, and (+) 1586 cm-1 of formate. The arrow 
indicates the beginning of N2 purging.  
Fig. 4: Comparison of in situ ATR-IR spectra in the Pt-CO region recorded with the two Pt 
modified TiO2 samples after saturation in flowing 10% CO/N2 for 30 min followed by purging with 
N2 for 20 min.  
Fig. 5: Comparison of in situ ATR-IR spectra recorded at 30°C on hydrated bare and Pt modified 
TiO2 after 1, 2, 3, 10 (grey lines) and 15 (black bold line) consecutive pulses of 1 mL N2 saturated 
with methanol vapours at 30°C, followed by N2 purging for 10 min. Peaks attribution is reported in 
Table 1 and in the text. 
Fig. 6: Evolution of in situ ATR-IR spectra during the first pulse of methanol vapours on the three 
investigated samples. The spectrum of pure methanol is reported on top for comparison. 
Fig. 7: In situ ATR-IR spectra in the C–O stretching region recorded over hydrated RM-Pt/TiO2 
under flowing N2 saturated with methanol vapours at 30°C. The arrows indicate the behavior of the 
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peak intensities. Inset: temporal dependence of the signals at (□) 1641 cm-1, (●) 1586 cm-1 and (▲) 
1033 cm
-1
 (scaled by a factor 10). 
Fig. 8: ATR-IR spectra recorded at 30°C under flowing N2 for 10 min on TiO2 and RM-Pt/TiO2 
after consecutive exposure to (a) methanol vapours, (b) water vapours, and (c) again methanol 
vapours. 
Fig. 9: Effect of increasing methanol-to-water molar fraction x on the in situ ATR-IR spectra 
recorded with TiO2 and RM-Pt/TiO2 after N2 purging. The labelled bands are assigned to Pt-CO 
(2020 cm
-1
), formaldehyde (1727 cm
-1
), formic acid (1640 cm
-1
), formate (1586 and 1360 cm
-1
) and 
dimethyl ether (1548 cm
-1
). 
Fig. 10: (a) Effect of UV-vis irradiation under flowing N2 on the ATR-IR spectra of TiO2 and RM-
Pt/TiO2 pre-saturated in methanol in the dark (blue curves before UV-vis irradiation and red curves 
after 2 h irradiation). (b) Teime dependence of the IR baseline due to the formation of 
photopromoted CB and ST electrons in TiO2 and RM-Pt/TiO2. The baseline is represented by the 
signal at 1900 cm
-1
. 
Fig. 11: Effect of UV-vis irradiation on the ATR-IR spectra of RM-Pt/TiO2 after methanol 
saturation and on the reactivity of the surface species after 2 h irradiation in N2 flow. The blue 
curves were recorded after methanol saturation in the dark (upper panel), followed by UV-vis 
irradiation under in flowing N2 (lower panel). The red curves were recorded with the same sample 
under constant UV-vis irradiation also during saturation with methanol.  
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